Thirty-two hybridoma cell lines producing monoclonal antibodies (MAbs) against the three major structural proteins of transmissible gastroenteritis virus (TGEV) have been isolated. Radioimmunoprecipitation of intracellular viral polypeptides showed that 17 hybridomas recognized both the peplomer protein [E2, 220 × 10 3 tool. wt.
INTRODUCTION
Transmissible gastroenteritis (TGE), an important disease of swine, is an attractive model for studying neonatal viral enteritis. Absorptive epithelial cells covering the small intestinal villi are the main target of the virus (Pensaert et al., 1970) . Their infection leads to a villous atrophy which is responsible for severe intestinal disorders, often fatal for piglets younger than 2 weeks of age (Bohl, 1975) .
The causative agent of TGE (TGEV) belongs to the Coronaviridae, a family of enveloped viruses possessing a single-stranded co-linear RNA genome of positive polarity (for review, see Sturman & Holmes, 1983) . Like murine or avian coronaviruses, TGE virions are constructed from essentially three polypeptides : a high mol. wt. glycoprotein which forms the characteristic peplomers of the 'corona', a small transmembrane glycoprotein and a phosphorylated nucleoprotein (Garwes & Pocock, 1975; Garwes et al., 1976; Horzinek et al., 1982) . The peplomer protein is assumed to be involved in both virus adsorption to the cell and induction of virus-neutralizing antibody. Indeed, a preparation of surface projections from detergent-treated TGEV particles has been shown to induce neutralizing antibodies in animals (Garwes et al., 1978/79) . Within the mammalian coronaviruses, TGEV is antigenically related to canine enteric coronavirus (CCV), feline infectious peritonitis virus (FIPV) and human respiratory coronavirus (HCV-229E) (see Horzinek et al., 1982 for references) .
We have produced a set of anti-TGEV monoclonal antibodies (MAbs; K6hler & Milstein, 1975) with the aim of obtaining novel information on the antigenicity and function of the virion 0000-6716 © 1986 SGM proteins. This report describes the general properties of 32 hybridomas, most of which were directed against the envelope glycoproteins.
METHODS

Cells and viruses.
The American high cell-passaged Purdue-I 15 strain was used as a TGEV source for generating and testing hybridomas. The origin and characteristics of the nine cell-adapted TGEV strains listed in Table 2 have been reported previously (Laude et al., 1981) . Infectivity titration as p.f.u, was performed on the ST (swine testis) cell line. Purdue virus stocks destined for purification were produced in the swine kidney cell line PD5. Infected monolayers were maintained in Dulbecco's MEM supplemented with 5 % ultracentrifuged newborn calf serum (CS) and 25 mM-PIPES pH 6.8.
Virus purification and labelling. Twenty h post-infection, harvests of 10 infected cultures (m.o.i. 3 to 5 p.f.u.) in 150 cm 2 flasks (Falcon) were pooled and centrifuged for 30 rain at 8000 g. The supernatants were then frozen and kept at -70 °C until use. Crude suspensions were ultracentrifuged at 35000 r.p.m, in a 45Ti rotor (Beckman) for 90 min. Resulting pellets were resuspended in distilled water and sonicated for 2 min (Bransonic 220, Prosciences, Paris, France). This material was layered onto gradients of 20 to 45 % (w/w) sucrose in distilled water in tubes of a SW27 rotor (Beckman). After centrifugation for 3 h at 25000 r.p.m., the light-scattering band was collected and pelleted in distilled water (35 000 r.p.m., 2 h in a 45Ti rotor). Virus concentration was measured by u.v. absorbance using a calculated mean extinction coefficient of E l~m = 58 at 260 nm. This procedure allowed us to prepare about 1 mg of virus starting from 5 x 108 cells (specific infectivity averaging 3 × 107 p.f.u./~_tg). For some purposes, the virus band was submitted to isopycnic centrifugation (30 to 60% concave sucrose gradients, 14 h at 25000 r.p.m.) before pelleting.
Radiolabelled virus was prepared in the same way using two infected cell cultures maintained in leucine-and lysine-depleted Eagle's MEM with 2~ CS, supplemented at 5.30 h post-infection with 3H-amino acids (leucine, lysine, alanine, 15 p.Ci/ml each; CEA, Gif-sur-Yvette, France; 50 to 100 Ci/mmol).
Production of hybridomas
Immunization procedure. BALB/c mice, initially devoid of anti-TGEV immunity, were injected intraperitoneally with 0.25 ml of a mixture of a 40-fold concentrated crude suspension of Purdue virus (approx. 108 p.f.u.) and the same volume of complete Freund's adjuvant. One to 4 months later the mice were boosted intravenously with 20 to 30 p.g of highly purified virus 3 days prior to spleen removal. The technique of in vitro boosting (Reading, 1982) was also used with one mouse: 5 x 107 splenocytes were cultivated for 2 days preceding fusion in 5 ml hybrid culture medium (see below) containing 1 ~tg/ml purified virus and supplemented with 5 × 10 -5 i-2-mercaptoethanol and 5 × 10 -5 i-hypoxanthine.
Hybridization. Briefly, fusion at a ratio of I : 10 splenocytes with myeloma cells (SP2/0-Ag-14) was carried out with 1 ml 45~ polyethylene glycol 1000 (Merck, Darmstadt, F.R.G.) following a procedure similar to that described by Nowinski et al. (1979) . Then the cells were diluted in RPMI 1640 medium conditioned with 106 thymocytes/ml from 1-month-old mice, supplemented with 20~ foetal CS, and plated at 2-4 × 105 SP2/0-Ag-14 cells/well of 24-well plastic trays (Costar). Selection medium containing 5 × 10 -5 M-hypoxanthine and 10 -5 Mazaserine was added the day after. Twelve days later, azaserine was removed from the medium.
Screening and subcloning. Supernatants of hybrid clones were assayed by immunofluorescence and neutralization tests (see below). TGEV antibody-producing hybridomas were subcloned in thymocyteconditioned medium by limiting dilution. Their monoclonal nature was checked at a confidence level of 95 °/ according to Poisson's distribution (De Blas et al., 1981) .
Isotype determination. Monoclonal isotypes were determined by double diffusion using lysates made from 107 cultured cells in 0.5~ NP40 (Sigma) in phosphate-buffered saline (PBS). Isotype-specific antisera were purchased from Miles Laboratories.
MAb production and purification. Working preparations of antibody were obtained by production of ascitic fluids in 2-month-old BALB/c mice treated with mayoline (Shell). After centrifugation for 3 min at 13 000 g, ascitic fluids were stored in aliquots at -20 °C. Purified IgG was prepared by gel permeation of 1.5 ml ascitic fluid on a Sephacryl S-300 column (Pharmacia; vol. 450 ml, length 96 cm, flow rate 10 ml/h). Protein concentration in IgG fractions was determined by absorbance measurements at 280 nm using an extinction coefficient of 1.4 per mg protein.
Indirect immunofluorescence test (IIF).
One-day-old ST cell monolayers established in microplates (Falcon Microtest II) were infected at a m.o.i, of 2.5 × 10 -z p.f.u./cell in Eagle's MEM. After a 20 h incubation period at 38°C the cultures were rinsed with PBS and fixed with cold acetone/ethanol (1:3, by vol.). This antigen preparation was stored at -20 °C. For IIF, the plates were incubated for 1 h with serial twofold dilutions of antibodies, and rinsed with PBS containing 0.05~ Tween 20. Anti-mouse Ig ftuorescein isothiocyanate (FITC) conjugate diluted 1 : 100 (Pasteur Production, Paris, France) was added for 1 h. Washed and dried plates were examined using an epiftuorescence microscope. For membrane fluorescence examination, cell sheets were treated with 4~o paraformaldehyde for 30 min at 4°C.
Neutralization assays. Two kinds of assay were performed. In the limiting dilution microtest, serial twofold dilutions of antibodies ( 1 : 10 or 1 : 100 pre-diluted heat-inactivated ascitic fluids or purified IgG) were mixed with an equal volume (50 ~tl/well) of medium containing 500 p.f.u, of virus. After 1 h incubation at 37 °C, 4 × 104 trypsinized ST cells in 50 ~1 Eagle's MEM supplemented with 15~ CS were added. Neutralization titres were determined 24 to 48 h later. Alternatively, the neutralization index (N I) was determined using a plaque reduction assay in ST cell monolayers in six-well plates (Costar) as described previously (Laude et al., 1981) .
Radiobnmunoprecipitation. Radiolabelled cytosol extracts were prepared as follows: confluent PD5 cell monolayers in Petri dishes (10 cm diam., Costar) were infected (or mock-infected) at a m.o.i, of 50 p.f.u./cell of Purdue virus and maintained at 38 ~C in 10 ml methionine-depleted Eagle's MEM supplemented with 2~ CS. At 3.5 h after infection, 7 ml medium was discarded and 50 ~tCi/ml [35S]methionine was added (Amersham, 1145 Ci/mmol). The dishes were gently agitated until 8.5 h post-infection. The medium was discarded, the cell sheets were rinsed and then scraped into 4 ml chilled lysis buffer (2~ Triton X-100, 0.15 M-NaCI, 0.6 M-KC1, 0.5 mMMgCI,, 103 units/ml Aprotinin, 10 mM-Tris HCI pH 7.8). Thirty min later, this material was ultracentrifuged for 1 h at 45000 r.p.m, in a 50Ti rotor (Beckman). The supernatant was stored at -70 °C.
For pulse-chase labelling of intracellular polypeptides, monolayers established in 12-well plates (Costar) were infected as above. From 3 h to 5-5 h post-infection, the cells were placed in methionine-deprived medium without CS. Then the same medium containing 500 laCi/ml [3sS]methionine was added (0.1 ml/well). The labelling medium was removed 30 min later and the cells were washed twice with a medium containing CS and supplemented with 20 mM-methionine. At 30 min intervals, cell extracts from three wells were prepared by adding 0.2 ml lysis buffer.
lmmunoprecipitation assays were performed essentially as described by Sheshberadaran et al. (1983) . Mixtures of 100 ~tl of cytosot extracts (2 × 106 c.p.m.) and 10 ~tl of undiluted hybridoma ascites were incubated for 1 h at 37 °C. They were then transferred into Eppendorf microfuge tubes containing sedimented Protein A-Sepharose beads (Pharmacia; 80 ~tl of 1:2 slurry per tube) washed with 1 ml 0.05 M-Tris-HC1 pH 8. After 1 h incubation at 37 °C with frequent vortexing, the beads were sedimented at 13 000 g for 2 min (Hettish microfuge) and washed four times with lysis buffer and once with Tris buffer. Beads were finally dried, heated for 2 min at 100 °C in Laemmli's sample buffer, and pelleted. Resulting supernatants were analysed by electrophoresis (PAGE) on 8.75'). 0 or 10°~ polyacrylamide slab gels (Studier, 1973) , which were then dried and processed for fluorography (Bonner & Laskey, 1974) .
lmmunoblotting. Viral proteins separated by PAGE (40 ~tg per lane) were transferred to nitrocellulose sheets (BA-85, Schleicher & Schfill) essentially as described by Burnette (1981) . After saturation with bovine serum albumin, the sheets were incubated with ascitic fluid at a dilution of 1 : 100 and then treated with a sheep antimouse Ig-peroxidase conjugate (Pasteur Production), using diaminobenzidine as a substrate (Towbin et al., 1979) .
Ascitic fluids jrom FlPV-in[ected cats. Samples derived from three spontaneous cases were employed as polyclonalreagentsagainstTGEV. The most commonly used throughout thisstudy had an anti-TGEV titreof 1 x 100 by neutralization and of 1.6 × 104 by IIF.
RESULTS
Production of hybridomas
The serum-neutralizing antibody titres of TGEV-immunized mice increased rapidly, up to 3200 at 2 weeks and decreased slowly during the following months in the absence of boosting. Thirty-two positive viable clones were established from the 212 clones analysed. However, up to 50~o of IIF-positive clones had been recorded on initial screening, indicating that the immunization schedule was adequate.
Polypeptide specificity of TGEV hybridomas
Immunoprecipitation experiments
The results are presented in Fig. 1 . The purified preparation of 3H-amino acid-labelled TGEV used as a standard was resolved into three protein species upon autoradiography after SDS-PAGE: the peplomer protein E2 (220K), the nucleocapsid protein N (47K) and the heterogeneous envelope protein E1 (major species 29K). The mol. wt. values are comparable to those previously published (Garwes & Pocock, 1975; Horzinek et al., 1982) .
Heterologous antibody from FIPV-infected cats was preferred as a polyclonal reagent as it was found more potent than anti-TGEV sera derived from hyperimmunized swine or mice. Four viral bands were specifically immunoprecipitated from metabolically labelled celt extracts 123 treated with anti-FIPV: E2, N, E 1 and an additional species designated E'2 (175K). The nonspecific 53K and 46.5K bands visible above and below the N protein probably correspond to an artefact at the migrating front of IgG heavy chain, and to actin respectively. As illustrated in Fig. 1 , this technique allowed assessment of the polypeptide specificity of 30 out of the 32 isolated hybridomas. Seventeen hybridomas produced MAbs that recognized the E2 protein and also, without exception, the E'2 species. MAbs of six other hybridomas immunoprecipitated only E'2. In addition, four hybridomas were shown to be directed against the E1 protein and three against the N protein.
Relationship between the E2 and E'2 species
The results of pulse-chase experiments indicated that E'2 is a precursor of E2 (Fig. 2) . This polypeptide was synthesized first, then partially converted into E2. It was also noticed that the E2 protein actually appeared to be composed of several discrete bands, probably related to different states of glycosylation.
Since we observed that a faint band with a mol. wt. equivalent to that of E'2 was consistently resolved in highly purified virus analysed on Coomassie Brilliant Blue-stained S D S -P A G E (Fig.  3, lane 1) , we attempted an immunoblotting analysis. Whereas this technique was found suitable for confirming the specificity of anti-E1 and anti-N hybridomas, testing of anti-E2/E'2 MAbs was impaired due to an inefficient transfer of the E2 protein to nitrocellulose sheet (Fig. 3, lane 2  and 3) . Nevertheless, the minor band weakly reacted on immunostaining with hybridomas 25b. 21, 8.8, 5.2, 39.1 and 13.4, whereas the major E2 species was revealed only with the first three of these preparations (not shown).
Reactivities of hybridomas
The specificities of the 32 TGEV hybridomas are summarized in Table 1 . All subclasses of IgG were found to be represented, MAbs of IgG2a isotype being the most common.
Neutralization studies showed that nine out of 32 MAbs had titres between 6400 and 250000 when tested against 500 p.f.u, ofTGEV; they were directed against E2. The specific activities of every anti-E2/E'2 hybridoma were measured; whereas the last concentration giving positive IF varied from 6 to 0.3 ~tg/ml (not shown), great differences were observed among the limiting neutralizing concentrations, which ranged from 2 ~tg/ml to 15 ng/ml for the neutralizing MAbs (Table 1) . Seven anti-E2/E'2 MAbs exhibited low or no neutralizing activity (sp. act. >25 lig/ml), as was the case for the anti-E1 MAbs. Anti-E'2 and anti-N MAbs were all devoid of neutralizing activity.
Immunofluorescence titres of ascitic fluids varied between 400 and 32000. Anti-N MAbs typically exhibited low IIF titres. Moreover, they induced a characteristic pattern of fluorescence: the antigen appeared evenly distributed in the cytoplasm (Fig. 4a) . With antienvelope glycoprotein MAbs, fluorescence appeared as fine granulation essentially limited to the perinuclear area (Fig. 4b) . No clear difference could be observed between anti-E2/E'2, anti-E'2 and anti-E1 MAbs. Anti-E2 antibodies were able to induce a bright cell membrane fluorescence (Fig. 4c) .
Neutralization kinetics
The neutralization curves of 10 purified anti-E2 MAbs were compared at the same IgG concentration. The following conclusions are drawn from the data summarized in Fig. 5 . (i) Some MAbs possessed an intrinsic neutralizing activity close to that of our most potent preparations of anti-TGEV and anti-FIPV IgGs. (ii) The neutralizing activities as measured by NI or by limiting dilution are more or less in agreement; a major exception, however, concerns the MAbs 3b. 5 and 10.4 which repeatedly displayed a low NI, despite their high titre by the limiting dilution technique (Table l) .
Comparison of TGEV strains
The reactivity of MAbs towards nine low and high cell-passaged TGEV strains originating from different countries was measured by IIF. Most antibodies recognized every strain tested. None ofanti-E'2, anti-N and anti-E1 MAbs revealed any antigenic variation. However, several anti-E2 MAbs which failed to recognize certain strain-specific determinants were identified. These were MAbs 3b. 5, 10.4 and 67.9 towards the related SF7 (low passage) and 126 (high passage) British strains, and MAb 76.2 towards the Czechoslovakian M42 strain ( Table 2) .
Study of the heterologous neutralizing activity corroborated these findings (Table 3) . In general, the heterologous NI were found remarkably similar from strain to strain. Again, the British strains were not neutralized by MAbs 3b. 5 and 10.4, nor by MAb 76.2. The latter did not neutralize the M42 strain either. As well as this, some significant hyper-or hyporeactivities could be noticed (e.g. strains SF7 and 126 with MAbs 8.8 and 48.1). 
DISCUSSION
We have prepared a panel of MAbs to TGEV and identified the virion polypeptide specificity of 30 of them. The peplomer protein, although being the least abundant in the virions, appeared particularly immunogenic since 17 hybridomas produced anti-E2 MAbs. The latter also recognized a well-defined intracellular lower mol. wt. species of 175K, named E'2, which appears to be a precursor according to pulse-chase experiments. The mol. wt. found for E'2 is higher than reported by Hu et al. (1984) for the TGEV peplomer protein component (145K, as compared to 195K for the peplomer). Also, both E2 and E'2 bands were revealed on nitrocellulose blots stained with concanavalin A FITC (not shown). This is in agreement with the fact that no unglycosylated precursor of peplomer polypeptides was detected with murine coronaviruses (Rottier et at., 1981 ; Siddell et al., 198 l) . Six MAbs bind preferentially to E'2. The occurrence of anti-precursor hybridomas could imply that TGEV underwent a low-level replication in recipient mice. However, our attempts to retrieve infectious virus by cell culture isolation or mouse passage were unsuccessful. As mentioned above, the neutralizing response was marked, in fact close to that commonly obtained in the hyperimmunized natural host. As shown in Fig. 3 , the E'2 species as such might be incorporated into the virions which would explain why specific hybridomas are induced. Preliminary studies have indicated that labelled anti-E'2 MAbs do bind to purified virus. Recently, Wege et al. (1984) reported that five of their MAbs against the murine coronavirus JHM recognized both the gpl70 (peplomer) and the gpl50 (precursor) polypeptides, whereas 15 MAbs immunoprecipitated only the gp 150 species. These authors also showed that anti-gp 150 MAbs bind to purified virus which, however, did not appear to contain gp 150 as revealed by electrophoresis. They concluded that anti-gp 150 MAbs ]" Neutralizing. Table 3 .
Neutralizing activity* of anti-Purdue strain monoclonal antibodies against heterologous TGEV strains probably react with antigenic sites determined by the primary amino acid sequence. Additional experiments are needed to test these two kinds of hypothesis with regard to the anti-E'2 MAbs. Study of the neutralizing activity associated with each class of MAbs confrmed that neutralization-inducing determinants are mainly located on the peplomers, as reported for murine hepatitis virus type 4, infectious bronchitis virus and bovine enteric coronavirus (Talbot et al., 1984; Mockett et al., 1984 , Vautherot et al., 1984 ; also, in bovine enteric coronavirus, an additional surface 125K glycoprotein appears to be involved in virus neutralization (J. F. Vautherot, personal communication). Our results have also confirmed that MAbs have to bind to critical epitopes of the molecule to reduce virus infectivity markedly, as has been recognized with different enveloped RNA viruses (for review, see Dimmock, 1984) . Of the four anti-E1 MAbs, two induced a weak but significant reduction of infectivity, which could not be increased by subsequent incubation with a fivefold concentration of sheep anti-mouse IgG (H + L) antibodies (data not shown). All the six anti-E'2 hybridoma antibodies were devoid of neutralizing activity. The finding that individual anti-E2 MAbs are able to neutralize virus infectivity to an extent equivalent to highly potent polyclonal reagents is at variance with recent studies indicating that cooperative interaction of MAbs directed against distinct spike epitopes is required to achieve substantial neutralization of Newcastle disease and La Crosse viruses (Ioro & Bratt, 1984; Kingsford, 1984) .
Although the intracellular localization of TGEV antigens was not investigated in detail, it appeared that the MAbs can be assigned to two groups on the basis of the immunofluorescence pattern they induce. Both envelope glycoproteins were found mainly in the perinuclear area corresponding to the rough endoplasmic reticulum and Golgi apparatus. At the same time (20 h post-infection), about 20~ of cells were expressing E2 antigen at the membrane level. In contrast, anti-nucleoprotein MAbs induced a diffuse cytoplasmic fluorescence; we found the latter particularly suitable for the detection of TGEV strains growing poorly in cell culture.
Studies of the heterologous activity of our panel of MAbs indicated that most antigenic determinants are highly conserved from strain to strain. Distinct antigenic variation, however, was evidenced at the peplomer level of two TGEV isolates which could not be distinguished using conventional antisera. Current studies indicate that these variable epitopes are located outside the main 'neutralizable' domain of E2 (H. Laude et al., unpublished results). Anti-E1 hybridomas were too limited in number to allow conclusions about a possible antigenic variation of this protein. Thus, the situation with TGEV seems to differ from that in the murine coronavirus MHV-4, where each isolate had a unique pattern of reactivity to a set of antiglycoprotein MAbs was reported (Fleming et al., 1983) .
The panel of MAbs may be useful not only for a definition of antigenic determinants on TGEV peplomers in both structural and functional terms, but should also allow insight into the relationships between TGEV and antigenically related coronaviruses, e.g. FIPV and CCV. The fact that these viruses also cause infection of small intestine enterocytes of newborn pigs (Woods et al., 1981) underlines the need for differentiation between these agents.
